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There have been a number of comprehensive reviews on the subjeas of drug 
absorption enhancement through the skin by iontophoresis (Harris 1967; 
Sloan and Soltani 1986; Tyle 1986; Chien et al. 1988; Singh and Roberts 
1989- Burnette 1989) and phonophoresis (Griffin 1982; Skauen and Zentner 
1985- lyle and Agrawala 1989; Ghosh and Banga 1993; Kost 1993). The ob- 
jective of this chapter is to selectively discuss some of the important aspects 
of physical means of enhancing dnjg permeation through the skin. This ap- 
proach may help to provide additional information on cenain less- 
noticed areas, such as the effect of thermal energy on percutaneous drug ab- 
sorption and its potential applications. Some recent advances in the use of 
electric and acoustic energies for transdermal drug delivery (TDD) -will also 
be highlighted. An attempt wiU be made to link the basic principles involved 
with experimental evidences in order to help the reader better understand 
and fully utilize these useful modalities. 

^CHEMICAL PHYSICAL DRUG PERMEATION ENHANCEMENT 

One of the primary functions of human skin is to act as a barrier, to prevent 
the body from losing vfater into the environment and to block the entry of 
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any exogenous chemicals inxo the body. In ihis sense, ii is not so "naniral" to 
administer a diug through intact skin to achieve either a local (topical) or a 
systemic (transdermal) therapeutic effea. The barrier function is attributed 
primarily to the outermost layer of keratinized dead cells of the stratum 
comeum (Scheuplein and Blank 1971). In order to transport a drug aaoss the 
skin barrier, one needs to rely on at least one of several energy forms, 

The energy form almost always involved in slan permeation is the chem- 
ical potential of a transported drug. The chemical potential of a substance of 
interest is defined in thermodynamics as the partial molar free energy of the 
substance. The difference between the cheinical potentials of a drug outside 
and inside the skin is the energy source for the skin permeation process. 
Suice the chemical potential of a drug is closely associated with its concen- 
tration, we may regard the drug concentration gradient across the skin bar- 
rier as' the driving force for skin permeation by passive diffusion. Drug 
molecules or ions difftise through the stratum comeum, driven by the higher 
drug concentration on the skin surface, to reach the targeted sites in the vi- 
able epidermis and dermis, and are absorbed by the dermal microvasculature 
imo the systemic blood circulation. The faaors influencing the simple pas- 
sive diffusion process are the applied dmg concentration; the size of the drug 
molecule, which defines the drug diffusivity in various layers of the skin, 
most importantly, in the stratum comeum; and the affinity of the drug to- 
ward the lipophilic stratum comeum, usually expressed as the partition co- 
efficient of the drug between an oily phase and an aqueous phase. Fick's first 
law for steady state diffusion states (Manm et al. 1983): 



dM _ DK(Cd-C,) 
^ Adt h 



(eq. 1) 



in which /is the flux. Mis the amdunt of a permeant transponing through a 
cross-section area, A. of a membrane barrier in time t D is die diffusion co- 
efficient, K is the partition coefficient, Qis die permeant concentration at the 
donor side or the upstream of the diffusion process. C^is the permeant con- 
cenuation at the receptor side or the downstream, and A is the thickness of 
the membrane. 

Because human skin, more specifically, the stratum comeum, is such an 
effective barrier, only a very small number of drugs can easily penetrate 
through in therapeudc quantities. Nitrogtycerin, scopolamine, hydrocorti- 
sone, betamethasone, benzocaine, and lidocaine are a few examples. A great 
deal of research has been conducted during the past two decades searching 
for means to enhance drug penetration into the skin. As shown in Equation l, 
the flux of drug permeation through the skin (7) can .be increased by vary- 
ing any of the three parameters on the right-hand side of the equation 
(i.e., the difference in the drug concentrations , at both, sides of tlie skin 
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internal energy, which implies accelerated thennal movement of particles, re- 
sulting in an^increased drug diffusion coefficient. The high temperature Oi a 
system also influences tlie drug concentration gradient by improving the 
slow kinetic processes of drug dissolution and by increasing dmg solubility 

in the donor solution (Q). 

Heat has an effect on the human sensory system and has a direa impact 
on dermal blood circulation. The skin responds to applied heat or elevated 
environmental temperature by dilating blood vessels and increasing blood 
flow (Lehmann and De Lateur 1990a). which accelerates the removal of dmg 
in the skin (i.e., reducing in Equation 1), thus leading to increased dmg 
permeation 

Skin Temperature Site Variations 

Skin temperature is influenced by many factors, including anatomical site, 
age, certain disease conditions, clothing, environment temperature, and so 
on. Figure 10.1 shows the distribution of tissue temperature in the human 
body after exposure to cold and heat (Wenger and Hardy 1990). Using a ther- 
mal imaging technique, Ring (1995) obuined the distribution of skin tem- 
perature of a male subjea after 20 minutes in ambient temperature. It was 
found out, even under a relatively normal environmental temperamre, that 
the skin temperature may vary from 24'C to 36'C depending on the anatom- 
ical location. Under more extreme environmental conditions, such as direct 
exposure to the wind in the winter and the sun in summer, a much greater 
variation of the skin temperature is certainly experted. 

Effect of Temperature on In Vitro Drug Permeation 

The effect of temperature on membrane permeation of drugs under asym- 
metric temperature conditions was investigated to mimic constant body 
temperature and varied environmental temperature (Tojo ei al. 1987). Des- 
oxj'corticosterone and testosterone were used as the model permeants and 
silicone membrane as the model barrier membrane. Saturated drug suspen- 
sions were used as the donor solution The in vitro permeation study was set 
up in such a way that while the. receptor chamber temperature was main- 
tained constant at 27°C, the donor chamber temperature varied from 10, 20, 
30. 37, 50, and eO'C in each permeation e^eriment. The permeation results 
are sho^vn in Figures 10.2a and l0.2b. As expected, dmg permeation was di- 
rectly related to donor temperature. It was found that using The membrane 
temperature (the average, temperature of the donor and receptor chambers) 
as the system temperature, the Arrheniiis relatioitship holds for the dmg 



Figure 10.1. 
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1 nutribution of Tissue Temperature andlsotherms in the Body 
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A: After exposure to cold. B: After exposure to heat. Reproduced with permission from 
Wenger gnd Hardy (1990), 
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permeation results from both the synunetric as well as the asymmetric 
pexature designs. Thus, The diffusion coefficient change as a function of sys 
tern temperature may be expressed as follows: 



RT^ T-1 



(eq. 2) 



where Do is the drug diffusion coefficient in the membrane at Tq (310.15T - 
37'Q J? is the gas constant, and £^ is the activation energy for diffusion. 

The temperature effect on skin permeation of nitroglycerin was recently 
smdied in vitro using hairless mouse skin (Momii et al 1995). The donor 
chamber temperature was set at 12. 22. 32, 37, and 42=0 in each permeation 
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Figure 10.2. Permeation Profiies of Desoxycorticcsterone (2a— upper 
figure) and Progesterone (2b— lower figure) Through Silicone Membrane 
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The different markers represent the experimental data from various donor temoec?itures 
as indicated by the numbers; the ines represent calculated values. Reproduced with 
permission from Tojo et ai. (l 9871. 
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Figure 10-3 
(n = 12) 



Mean Plasma. Concentrations of Glyceryl Trinitrate (GTN) 
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ereorpeter exercise, there was a decrease in skin temperature due to sweat- 
S (dol to 33.3X). The investigators concluded that the skin temperature 
not the sole determinant for the significantly enhanced skm absorption 
Tf ^e dmg They attributed the maeased drug uptake primaxJy to vasod.- 
Id'increLd blood circulation. It is possible that other factoj. a^^^^^ 
played an important role. For. example, sweating m.ght have acceler«ed 
S.e stratum comeum hydration, and thus,, might have mcxe^^ed the drug 
diffusion coelTident D in the stratum comeum ^^^^^"'^'^ f ^^'""''f^^^^ 
perature of the uansdermal patch in the sauna treaunent maght have mcreased 
L drug solubility Q, hence its concentration gradient and the dnvmg force 
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for drug permeation. This may provide an explanation as lo why the much 
higher plasma drug conceiiTxation in the sauna tieatment -was obser/ed as 
opposed to the exercise ueatmem. since skin vasodUaiion was present in 

both cases. , , , 

Similar results were recently reported on the effect of physical exercise on 
plasma nicotine concentraiion in S healthy subjects treated with a nicotine 
transdermal patch (KJemsdal et al. 1995). After 1 1 hours of patch application, 
plasma nicotine concentrations were measured before and after 20 minutes 
of moderate bicycle exercise, or 20 minutes of rest. Mean plasma nicotine 
concentraiion increased from 9.8 to 1 1.0 ng/mL during exercise, as compared 
to tlie unchanged conuol during resting (from 10,5 to 10.2 ng/mL). Again, the 
increased skin absorption of nicotine was attributed to the exercise-induced 
increase in skin blood flow at the patch application site. 

These in vitro and in vivo studies demonstrated that elevated surround- 
ing temperature did cause increased skm permeation of the dmgs, indicating 
the potential risk of drug toxicity by overdose. On the other hand, one may 
take advantage of the thermal energy- enhanced percutaneous absorption to 
increase topical drug delivery and TDD. 

Use of Thermal Energy for Skin Absorption Enhancement 

It is intuiuve that applying heat to a skin area to which a topical drug has 
been applied would enhance dnig absorption. Physiotherapists have a long 
history of combining topical drug applications with thermal treatment. In 
China, for example, it is a common praaice to place a thermal pad over a 
plaster containing certain medicaments, such as local anesthetics, as an anec- 
dotal ^vay of enhancing the efficacy of the dmg. The common superficial 
heating systems include an infrared lamp and infrared heating pad, the hy- 
drocoUator pack, a rubber heating botUe, an electric heating pad, and chem- 
ical packs. The chemical packs currently available are in flexible containers 
in which, by removing the container, a compartment is broken The subse- 
quent mixing of the ingredients causes exothermic chemical reactions, thus 
producing heat (Lehmann and De Lateur 1990b; Orenberg et al. 1986). 

A patented transdermal device design makes use of thermal energy 
for the enhancement of TDD (Ivonno et al. 1987). Figure 10.4 shows the 
structure of the self-heating transdermal patch. WTien the seal at the back of 
the patch is removed to expose the iron powder in the heating chamber to 
the air and water, the resulting exothermic reaction provides the heat 
to soften tlie low-melting wzii in the drug reservoir and to facilitate 
percutaneous drug absorption. Another U.S; patent described a similar ap- 
proach (Argaud 1990). 
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Figure lO.A. A Self-Heating Transdermal Patch from 
U.S. Patent 4,685.911 . 
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Despite the importance of temperature effects on the percutaneous ab- 
sorption of drugs, the small number of reported studies, particulajly using 
the asymmeuic temperature design to mimic a clinical situation, indicates 
that this area is still poorly understood, and its potential as a permeation- 
enhancing technique appears so far underappreciated, 

PERMEATION ENHANCEMENT BY ULTRASONIC ENERGY 

Phonophoresis (Sonophoresis) 

Ultrasound is a form of acoustic vibration propagated in the form of longitu- 
dinal compression waves at frequencies beyond the human audible range 
(i.e.. frequencies above 20 kHz). This form of energy is used extensively in 
medical diagnosis as well as in therapeutic applications, such as physio- 
therapy and sports medicine (Griffui 1982). Phonophoresis is defined as the 
movement of drugs through intact skin and underlying soft tissues under the 
influence of an ultrasonic perturbation. Clinical experiences have demon- 
strated that phonophoresis is a safe technique for enhancing drug adminis- 
tration and is ef'fectivcj in clinical applications when used with a proper 
frequency, power level, and duration. Some recent research efforts in this 
area have been directed to elucidate the mechanism of phonophoresis, and 
to explore its applications in peptide and. protein drug delivery (McElnay 
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et ai. 1993; Bommaiman ei al. iP92a,b; Sinionin 1995; Mitragotii et al. 
1 99 5a,b). 

A hypothesis was proposed by McElnay and coworkers (1993) that 
phonophoresis mcreases drug permeation through the skin by disordering 
the structured lipids in the stratum comeum. The in vivo experimental re- 
sults obtained with 10 healthy volunteers treated with methyl nicotinate un- 
der phonophoresis appears to support this hypothesis. -Phonophoresis of 
3.0 MHz, 1.0 W/cm^ continuous output resulted in increased percutaneous 
absorption of the drug, which existed for a period after the ultrasound treat- 
ment had ceased. 

Bommannan et al, (1992b) showed strong experimental evidence to sup- 
port the notion that ultrasound treatment disrupts the stratum corneum and 
increases the intercellular transport of drugs as a mechanism of phono- 
phoresis. Using a colloidal tracer, lanthanum hydroxide, and high frequency 
ultraspund of 10 or 16 MHz in vivo on hairless guinea pig skin, they obtained 
electron micrograms showing that the tracer penetrated through the stratum 
corneum and the underlying viable epidermis via an apparently intercellular 
route (Bommannan et al. 1992b). It was demonstraxed that the tracer was 
able to be transported through the epidermis to the upper dermis with re- 
markable speed of only 5 minutes of the ultrasound treatment. In a separate 
study using salicylic acid as a model drug (Bommannan et al. 1992a), the 
same group of researchers demonstrated the following: 

1. Ultrasound treatment of high frequencies significantly increases the 
skin permeation of salicylic acid as compared to the passive diffusion 
control without phonophoresis. 

2. Pretreatmeni of the skin with ultrasound lowered the skin barrier 
function such that the subsequent salicylic add delivery was en- 
hanced in comparison to the passive diffusion control. 

3. Ultrasound did not alter the release kinetics of salicylic acid from the 
gel formulation used. 

Al] of these results indicate that the skin absorption enhancement by 
phonophoresis is a direct effect of ultrasound on the stratum corneum. 

Simonin (1995) offered an in-depth critical review on the medianism of 
phonophoresis. Several previously proposed mechanisms were examined, 
namely, the thermal effect, boundary layer reduction, acoustic pressure, de- 
crease of the donor solution-membrane interfacial potential energy barrier, 
and cavitation. It was believed that although increased temperature would 
lead to . enhanced skin permeabilii>^, the direct temperature effect on the dif- 
fusion coefficient was less than 20 percent due to the rather small increase 
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in skin temperature. However, the subsequent increase in drug solubih y 
Si^tsoXon. .^d blood flow all contribute to -^^-^^ p"^^^^^^^^ 
aS^rption The most significant physical mechanism of phonophoxes^s is 
fketyto be cavitation and n^icrostreaming, which cause a ^-^^nsm^^ 
facilitating the dnig diffusion process. For hydrophJxc dmgs, th^ 
fccul^L energy-ffcditated permeaUon process was proposed ^ take place m 
the folUculai pathways, such.as sweat glands and ha.r follicles. 
' "wi conducted to evaluate the relationship 
enhanSLLt and various uluasound-related phenomena, mdudxng cavita- 
ur^hLal effeas, generation of connective velocities., and "^echaxucd ef- 
fect (is^itragotri et al. 1 995b). The in vitro experiments were conducted usmg 
Sa^ated human epidermis membrane, The ultrasound paxame er 
used were within tl.e therapeutic ultrasound range (i.e., frequency: 1-3 MHz 
Td intensity: 0-2 W/cm^The results indicated that among all the ultra- 
s^un^ eSeS evaluated, cavitation appeared to play the dommant role m 
ultrt^ndScLtated TDD. Figure 10.5 shows that estradiol pe-eat.on w.. 
Z^Zd by the appUcation of ultrasound as compared to passive d^ftasion 
;^ro It . clear from the graph that drug permeation -hj^cement by u^- 
Lound followed a time-dependent reduction (i.e.. -"^^^^^^'J^^ ^^^^^^ 
ualty diminished over a period of 6 hours. It was hypothesized ^at the 
o^rved reduction in estradiol permeation was due to the degassmg of the 
liquid surrounding the skin by the continuous ultrasound treatment^ Dis- 
ord air is necessary for cavitation. If cavitation was an important co 

or phonophoresis. weakened cavitation by degassing the medium would re- 
duce the permeation enharacement. The experimental ^'^-^^^^^/.^J^^ 
ified to verify the hypothesis. During this permeation expermient. both donor 
^d eceptor media 'were aerated every hour by bubblmg aix through 0.^ 
for 5 minutes. The results in Figure 10.6 confirmed the miportance of ^ 
content in the medium: drug permeation in the aerated ^^'^^^J^^^;^^^^ 
high in contrast to the leveling off m the solution not aerated. Another 
in^resting observation made by the same group of investigators was that a 
30-minutf ultrasound treatment (1 MHz, 2 W/cm^) to a piece of skm. that 
had been soaked in a fluorescence solution for 5 days caused the bleaching 
of fluorescence in the keratinocytes, but not fluorescence in the intercellular 
lipids The bleaching of fluorescence was attributed to the possible formauon 
of hydrogen peroxide generated by the appHed ultrasound. It was, therefore, 
concluded that ultiasound induces cavitation in the keratmocytes. 

Ultrasound-mediated transdermal delivery of protein drugs wa3 recently 
reported (Mitragotii et al. 1995a). In the in vitro experiments, low-frequency 
ultrasound (20 kHz. 100 ms pulses applied every Second) was applied to the 
heat-separated human epidermis from the side of donor solution with the 
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Figure 10.5. Variation of the Transdermal Estradiol Flux with Time 
During Ultrasound Exposure 
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point, Peproduced with permission from Mitragotri et al. (I995bl. 



intensities in the ranges of 1 2.5-225 mW/cm^ for 4 hours. Three protein drugs 
evaluated were insulin (MW - 6.000), interferon gamma (IFN-F, - 17,000) 
and erythropoietin (MW - 48,030). Ultrasound application induced signifi- 
cant transdermal permeation of all the protein drugs tested The permeabil- 
ity of heat-separated human epidermis to insulin with ultrasound intensity 
225 mW/cm^ is 3.3 x 10-3 cm/lar, to If N-F 8 x lO-** cm/hr, and to eiythro- 
poietin 9.8 x 10'^ cm/hr. Figure 10.7 shows the in vitro permeation profiles 
of insulin at various ultrasound toiensities. It should be noted that transder- 
mal administration of therapeAtic quantities of protein drugs would be 
achieved by ultrasound-facilitated transdermal delivery if the in vitro results 
with human epidermis membrane can be reproduced in vivo in humans, the 
results from this in vivo animal, experiments appear promising. The use of 
low-frequency ultrasound to deliver insulin into the skin of diabetic hairless 
rats effeaively corrected hype rg ycemia. 
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Figure 10.6. Effect of Repeated Aerating on the Transdermal Flux of 
Estradiol in the Presence of Ultrasound 
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Effect of Ultrasound Frequency on Phonophoresis 

Given the profound implication thai protein drugs with molecular size up to 
48,000 dalions can be delivered transdermally in therapeutic quantities, the 
effect of ultrasound frequencies on phonophoresis clearly merits a thorough 
examination. Most medical applications use ultrasonic frequencies betw^een 
0.75 MHz and 15 MHz, For example, physiotherapy uses 1-3 MHz, diagnos- 
tic 1-10 MH2, and general ultrasonic 4-8 MHz (Sun and Liu 1994). It is 
known that the penetration ability of ultrasound into soft tissues is inversely 
proportional to iis frequency (e.g., at 0.09 MHz, approximately 50 percent of 
acoustic energy penetrates to 10 cm depth; with 1 MHz. 5 cm; and with 
4 MHz, only to 1 cm). Griffin and Touchstone (1972) studied the effect 
of ultrasound frequency on phonophoretic delivery of hydrocortisone into 
pig skin in vivo (1 W/cm^, 17 min). Among five different frequencies 
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Figure 10.7. Insulin at Various Ultrasound Intensities 
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(A) Time variation of the amount of insulin cransported across human skin (in vitro) in 
Che presence of ultrasound (20 kHz. 100 ms pulses applied every second) at 1 2.5 (filled 
square), 62.5 (filled diamond), 1 25 (filled circle), and 225 mW/cm^ (filled trianglei (n • 
3 or 4: error bars. SD). (Bl Variation of the trarisdermal insulin (in vitro) with ultrasound 
intensity (20 kHz. 100 ms pulses applied every second) (n - 3 or 4; error bars. SD). The 
skin is impermeable to insulin at an ultrasound intensity of 0. Reproduced with permis- 
sion from Mitragotri et al. (1 995al, 



investigated (i.e., 0.09, 0.25, 0.5, 1.0, and 3.6 MHz), 0:25 MHz ultrasound 
yielded the highest mean hydrocortisone concentration in tissues, and 
3.6 MHz yielded the second highest value, whereas 1.0 MHz, the frequency 
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used most commonly in physiotherapy, delivered The least amount of hy- 
drocortisone. An uncomfonable sensation was found to be associated wth 
0 25 MHz ultrasound with the human subjects tes,ted. which led the investi- 
gators to choose the 3.6 MHz frequency as the pr^erable frequency for mm- 
Snal possibility of causing skin damage. Because the ultrasound mtensiiy 
and duration of application were quite different b^etween the studies by Mi- 
tragotri et al. (1995a) (225 mW/cm^, 4 hours) and Griffin and Touchstone 
(1972) (1 W/cm2 17 minutes), direct comparison dould not be made. The po- 
tential hazards associated with dental ultrasonic bescaJers, which generally 
operate at frequencies of 25-42 kHz. were eAmined (Walmsley l 98 8). 
Acoustic microsireaming and large shear forces resulting from the low- 
frequency ultrasound were reported to rupture erythrocytes and platelets 
both in wro and in vivo (Walmsley et al. 1987). This resulted in activation 
of the blood coagulation system with subsequent thrombus formation. A 
thorough safety evaluation on the use of low frequency ultrasound for skin 
absorption enhancement is needed. 

Mitragotri et al. (1995a) used the low frequency ultrasound in their 
work based on the hypothesis that if cavitation] plays an important role in 
ultrasound-facilitated skin permeation, and since the cavitation threshold 
(i e the minimal ultrasound intensity required to cause cavitation) increases 
rapidly with an increase of uluasound frequeijcy, lower frequency would 
cause more ca^-iiation and hence, higher skin permeation of a drug. On the 
other hand, Bommannan et al. (1992a) selected 16 MHz ultrasound based 
on the hypothesis that higher frequency ultrasound would better localize 
the acoustic energy within the stratum comeum and, therefore, would pro- 
vide more perturbation in the skin barrier layer to facilitate drug perme- 
ation." The permeation results appear to suppor^ this hypothesis since both 
The extent and the rate of absorption of salicylic add were enhanced with 
10 and 16 MHz ultrasound ueatment in comoarison to 2 MHz. The most 
commonly used ultrasound frequency in physic|therapy and sports medicine 
is 1 MHz. This frequency was deliberately clposen as a compromise fre- 
quency between those that produce predominantly thermal effects (2 MHz 
and higher) and those that produce nonthermal (mechanical and/or chemi- 
cal) as well as thermal effects (500 kHz or lower) in human soft tissues (Grif- 
fin and Karselis 1988). It is possible that the skin permeation enhancement 
observed wih low frequency ultrasound and Ipigh frequency ultrasound is 
through two different mechanisms. This subject clearly merits further in- 
vestigation I 

A typical experimental setup for in vitro phonophoresis is shown in Fig- 
ure 10.8. The ultrasotind probe is a transducer that converts high frequency 
alternating voltage into acoustic vibrations using a piezoelectric crystal. 
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Figure iO.8. A Schematic Diagram of a Typical Experimental Setup for 
In Vitro Phonophoresis Study 
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Contactmg the ultrasound probe with the drug solution in the donor 
compartment provides the pathway for the ultrasonic energy to reach and to 
perturb tlie skin membrane. In vivo experiments are usually conduaed in a 
similar way except that the pulsed ultrasound (i.e., discontinuous wave- 
forms) and/or moving sound head techniques are often used lo reduce the 
ultrasound dose for minimal tissue damage. 



PERMEATION ENHANCEMENT BY ELECTRIC ENERGY 
Iontophoresis 

Using electric energy to deliver drugs into the skin for medical treatment has 
a very long history. According to a comprehensive re\aew on the history of 
electric therapy (licht 1967), the first attempt to a (^.minister a medicine (an 
antiapoplectic daig) into human skin in vivo by electricity was made in 1747 
using a Leyden jar, the simplest and earliest form of a capacitor for storing 
electric charges. In 1833, 51 years before the theory of electric dissociation 
was published by Arrhenius, Fabre-Plaprat used a direct current to adminis- 
ter quinine to cure quartan fever and. iodine to treat saxcocele. Since then, 
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iontophoresis has found some uses for the adniinistration of drugs through 
the skin in tlie clinics of certain disciplines of medicine, primarily in physiO: 
therapy, sports medicine (Harris 1967: Griffin and Kaiselis 1988), and der- 
matology (Sloan and Soltani 1986). It was the progress made, or rather, the 
obstacles encountered, in TDD for systemic treatment in recent years that re- 
vived interest in this technology. As it became clear that most drugs wnnot 
permeate through human skin in therapeutic quantities by passive diffusion 
alone and almost all peptide and protein dmgs cannot permeate into the skm 
at all 'because of their large molecular size and hydrophUicity, the need for 
permeation enhancement techniques brought iontophoresis research to the 

frontline. . 

A typical experimental setup for in vitro iontophoresis is shown in Figure 
10 9 A piece of skin is mounted between the two compartmenu of side-by- 
side diffusion cells. Two conducUve electrodes are immersed in the donor 



Figure 10.9. A Schematic Diagram of a Typical Experimental Setup for 
In Vitro Iontophoresis Study 
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and receptor solutions, The power source is conneaed to the electrodes by 
proper polarities, according to the charge carried by the ionic drug species to 
be delivered. The electrodes are usually made of noble metals, such as plat- 
inum, or composed of silver coated vmh its halide salts, such silver chloride 
or silver bromide. The use of Ag/AgCl or Ag/AgBr electrodes has an advan- 
tage over the platinum electrode in that the electrolysis of water is prevented, 
as a consequence, the solution pH will not shift. A typical in vivo ion- 
tophoresis system is shown in Figure 10.10. 

In terms of the experimental setup, electro-osmosis is almost identical to 
that for iontophoresis. When delivery of a nonionic drug is of concern, the 
donor compartment is charged with the drug solution, and the solution pH 
and electric polarity of the electrodes are arranged in such a way that the ap- 
plied electric field results in an inward movement of the fluid into the skin. 
If the sampling of biosubstances is. the objective, the arrangement is reversed. 
The content of tlie "donor" compartment is analyzed for the biosubstance 
carried out by the outward movement of the fluid, being either ."receptor" 
fluid in in vj.uo experimejits, or interstitial fluid in in vivo studies. In electro- 
poration studies, rfie basic experimental setup remains the same while the 
output of the power source changes to high voltage and short pulses. 

Electroporation 

Electroporation is a phenomenon in which the membrane of a cell exposed 
to high- intensity electric field pulses (up to several hundred volts for 



Figure 10.10. A Schematic Diagram of a Typical Experimental Setup for 
In Vivo Iontophoresis Study 



POWER SOURCE 



WORKING 
ELECTRODE 



COUNTER 
ELECTRODE 



CONDUCTIVE GEL 



s.c. 



m::::: i:::::"^-' 


EPIDERMIS 




DERMIS 




DEEP TISSUE 


Reproduced with permission Jrom Liu and Sur^ {1 994). 



Mr 




m 



i 



pern 

tion 

use< 

eta] 

Arc 

first . 

the 

and 

maj 

mo! 

use 

cor 

trie 

mi} 

bai 

wh 

vol 

rat 

19 

an 

th. 

sis 

sn 

CO 

de 
th 
lil 

sr 



Ii 

1 

6 

i( 

a 

s 

a 

r 

s 



Shin Absorption Enhancement by Physical Means 



347 



micro- or mUliseconds) can be temporarily destablized. thus becommg highly 
permeable to exogenous molecules in the surrounding media. Electiopoia- 
. tion may be regarded as a micromjecxion technique and, therefore, has been 
used extensively in delivering test materials into isolated cells in vitro (Chang 
ei al 1992) and, occasionally, into living cells in vivo (Titomirov et al. 1991). 
A research team at MIT (Weaver et al. 1989; Prausniiz et al. 1993) was the 
first to demonstrate that electroporation increased drug permeation through 
the skin. Working with heat-separaxed human epidermal membrane in vitro, 
and hairless rat skin in vivo, diey reported a flux increase up to 4 orders of 
magnitude for 3 polar model compounds with charges between -1 and -4 and 
molecular weight slightly over 1000 daltons. The electroporation conditions 
used were as foUows: an exponential-decay pulse (exponential-decay time 
constant, t = 1.0-1.3 msec) was applied every 5 seconds for 1 hour; the elec- 
tric voltage ranged from 0 to 500 volts. It was found that a transixion point 
might exist at about 100 V, below which flux increase was reversible (i.e., skin 
barrier function recovered after cessation of electroporation). and above 
which the effects were only partially reversible, The effect of elearoporation 
voltage on the permeation of calcein (623 daltons, -4 charge) through the hu- 
man epidermis membrane is shoxvn in Figures 10.1 la-d (Prausnitz et al. 
1994). These figures clearly show characteristically rapid response of perme- 
ant flux to die electric pulse (i.e.. in seconds to minutes). A recent report from 
the same research group (Edwards et al. 1994) provided a theoretical analy- 
sis of electroporation for TDD under two electroporation conditions (i.e., at 
small and large transdermal voltages). In this model, charged molecules were 
considered transporting through existing shunt routes of the skin at trans- 
dermal voltage < 100 V. When transdermal voltage was greater than 100 V, 
the xranscomeocyxe pathway was also accessible to charged molecules as 
lipid bilayers were electroporated. The available experimental results com- 
pared favorably with the respective theoretical predictions in the respective 
small and large electrical field strengths. 

Reverse Iontophoresis and Noninvasive Diagnostic Applications 

In another study conducted by Fabre-Plaprai in the early I7ih century (licht 
1967), hydroiodate was pLiced on the skin of one arm, and a starch solution 
on the odier. Upon application of electric current, Fabre-Plaprat claimed that 
iodide was delivered into the body, reached the skin of the other arm, and re- 
acted with the starch. This was probably the first attempt on noninvasive 
sampling of chemical substances from the skin by elearicity, now known 
as reverse iontophoresis sampling. Electrically administered iodide was later 
recovered in both the urine and saliva by another scientist in a separate 
study. 
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Figure 10. II. Time Profiles of Transdermal Transport of Calcein Due to 
Electroporation at Different Voltages 




Time (min) 



(A) Tr3nsderm<il flux due Do pulsing at 1 pulse per minute (ppm) for 1 hr. 270 V (solid 
line), 1 55 V (dashed line), n 5 V [dotted line). (B) Data in (A) with the time axis expanded. 
(Cl Data in (A) replotted as cumulative calcein transported, from calculation of steady 
state lag times, indicatfid by the rime-a-xis intercept. (D) Data in (C) with time axis ex- 
panded, to show transport onset time. Reproduced with permission from Pnausnitz et al. 
(1SS41. 



The use of reverse iontophoresis for noninvasive sampling of biosub- 
stances is an interesting, and potentially very important, application of the 
elearo-osmosis technique, Benjamin et al. (1954) described the use of reverse 
iontophdresis to obtain interstitial fluid in a noninvasive manner for the 
analysis of tissue electrolytes. With a device setup Similar to that shown in 
Figure 10. 10, the authors conducted reverse iomophdresis tests on 98 human 
subjects, and subsequently analyzed the amounts of sodium and potassium 
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extracted from the skin. The results were reproducible. The application of re- 
verse iontophoresis for noninvasive glucose moniioring was recently investi- 
gated with promising results (Heil and Kadera 1989; Glikfeld et al. 1989; Rao 
et al 1993, Glikfeld et al. 1994). If reverse iontophoresis can serve as a means 
of noninvasive glucose monitoring widi good reproducibility, it will have a 
tremendous ixnpaa on diabetes management. 

COMBINATION OF DIFFERENT ENHANCEMENT METHODS 

Combining different enhancement methods can further improve drug per- 
meation through the skin. A recent study (Bommannan et al. 1994) reported 
the use of electroporation in combination with iontophoresis for the trans- 
dermal delivery of luteinizing hormone release hormone (LHRH, 1182 dal- 
tons). The experiments were conducted in vitro using human epidermis 
membranes. Comparisons were made between iontophoretic LHRH flux . ob- 
tained at current intensity ranging from 0 to 4 miA/cm^, with and without 
electroporative electric pulse (1000 V, t = 5 msec). The results indicated that 
the application of a single electroporative pulse prior to 30-minute ion- 
tophoresis consistently yielded 5~10 times higher flux than iontophoresis 
alone (Figure 10.12). The LHRH flux at two hours after iontophoresis 
decreased to a value significantly less than the maximal value obtained . 
during iontophoresis, approaching the preireatment value. These results 
suggest tliat a combination of electroporation and iontophoresis, with the 
former transiently altering the skin permeability to the drug, and the latter 
providing the primary driving force to the permeation process, would allow 
the enhanced delivery of peptides that cannot be effectively delivered by 
other transdermal means. Kost et al. (1996) showed that the combination of 
ultrasound and elecuic field brought about a synergistic effect on the trans- 
dermal transport of two model compounds, calcein and sulphorhodamine. As 
shown in Figure 10.13, much higher sulphorhodamine flux through heat- 
separated human epidermis was obtained during simultaneous application of 
ultrasound and electric field than the presence of electric field alone. 



FUTURE DIRECTIONS 

More work must be done to elucidate the underlying mechanisms for the 
methods of physical sldn permeation enhancement, especially for 
phonophoresis and electroporation. The combination of different enhance- 
ment methods for an additive or synergistic effect is a logical expansion of 
current research activity in this field. Carefully designed experiments must 
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Figure 10.12. lontophoretic Flux of LHRH (mean ± SD) 
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Shows nonlinear Increase with current density v>/ith (filled circie) and without (empty 
circle) a pulse, p s 0.01 for all current densities (except 3.0 mA/cnn^. p < 0.2) when flux 
vvich and vvichout pulse are compared. Reproduced with permission from Bommannan 
etal.(l994). 



be conducted to examine the possible side effeas associated ivith these 
methods, and to define a safe, yet effective, range in utilizing these energy 
forms for percutaneous drug delivery. Since most of the clinical evidence 
showing the effeaiveness of the physical enhancement methods was from 
case studies, well-designed clinical investigations with proper controls axe 
clearly needed to provide the documentation required for any products based 
on the technologies. Fijially. it is a challenge to the dnag delivery scientist to 
invent the ultimate TOD system that is effective, safe, user- friendly, cost- 
effective, as well as powerfully versatile (e.g., microchip controlled for com- 
plex drug delivery pauems). 
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Figure 10.13. Time Variation of Sulphorhodamine Fiux 
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SUMMARY 

Passive Topical and transdermal drug delivery has been the generally recog- 
ni:zed convention for the local or systemic administration of drugs, respec- 
tively/ for many decades. New groundbreaking technologies have been 
developed for the enhancement of drug deliveiy by the use of various phys- 
ical means. Variations in skin temperature have been shown to correlate with 
regional variations in percutaneous drug absorption. The advantage of this 
fact has led to enhanced drug delivery systems utiJizing thermal energy in 
the form of local heat applied to the skin to facilitate drug absorption. Ultra- 
sonic energy delivered from devices is being used to enhance therapeutic 
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efficacy in ihe ireatment of local conditions by a process of phonophoresis 
and sonophoresis. More recently, new technologies and devices have been 
developed, whereby drug permeation enhancement for transdermal adminis- 
tration is being employed for the treatment of systemic diseases. These forms 
of electrically assisted drug delivery systems (i.e., iomophoresis and electro- 
poration) alone or in combination with chemical permeation enhancers may 
provide new possibilities for the transdermal delivery of drugs that could not 
be delivered by passive means in the past, 
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